A number of the culture filtrate proteins secreted by Mycobacterium tuberculosis are known to contribute to the immunology of tuberculosis and to possess enzymatic activities associated with pathogenicity. However, a complete analysis of the protein composition of this fraction has been lacking. By using two-dimensional polyacrylamide gel electrophoresis, detailed maps of the culture filtrate proteins of M. tuberculosis H37Rv were generated. In total, 205 protein spots were observed. The coupling of this electrophoretic technique with Western blot analysis allowed the identification and mapping of 32 proteins. Further molecular characterization of abundant proteins within this fraction was achieved by N-terminal amino acid sequencing and liquid chromatography-mass spectrometry. Eighteen proteins were subjected to N-group analysis; of these, only 10 could be sequenced by Edman degradation. Among the most interesting were a novel 52-kDa protein demonstrating significant homology to an ␣-hydroxysteroid dehydrogenase of Eubacterium sp. strain VPI 12708, a 25-kDa protein corresponding to open reading frame 28 of the M. tuberculosis cosmid MTCY1A11, and a 31-kDa protein exhibiting an amino acid sequence identical to that of antigen 85A and 85B. This latter product migrated with an isoelectric point between those of antigen 85A and 85C but did not react with the antibody specific for this complex, suggesting that there is a fourth member of the antigen 85 complex. Novel N-terminal amino acid sequences were obtained for three additional culture filtrate proteins; however, these did not yield significant homology to known protein sequences. A protein cluster of 85 to 88 kDa, recognized by the monoclonal antibodies IT-57 and IT-42 and known to react with sera from a large proportion of tuberculosis patients, was refractory to N-group analysis. Nevertheless, mass spectrometry of peptides obtained from one member of this complex identified it as the M. tuberculosis KatG catalase/peroxidase. Thus, the detailed mapping of M. tuberculosis proteins, combined with state-of-the-art analytical techniques such as mass spectrometry, provides a basis for further analysis and rapid identification of biologically relevant molecules.
In vitro cultivation of Mycobacterium tuberculosis results in the accumulation in the extracellular milieu of a complex set of proteins collectively termed the culture filtrate proteins (CFPs). The most notable feature of this protein fraction is its immunodominance. Seibert and Munday (51) were the first to provide evidence that the culture filtrate is a major repository of antigens involved in the protective immune response and to provide biochemical definition of this fraction. More recently, as reviewed by Andersen (1), several investigators have argued that the dichotomous immune responses engendered by vaccination of experimental animals with live versus heat-killed bacilli are attributable to the active secretion of CFPs by viable M. tuberculosis. This hypothesis is supported by more recent studies demonstrating the ability of M. tuberculosis CFPs to induce a protective T-cell response (4, 25, 43, 46) . Attempts to define the immunologically active components within this fraction have led to the purification and characterization of several proteins including the 6-kDa ESAT6 (56), 24-kDa MPT64 (39, 47) , 30-to 31-kDa Ag85 complex (21, 24, 39) , and 45-kDa MPT32 (15, 39, 48) . A strong humoral response against CFPs has also been noted (29) , and antigens such as the 45-kDa MPT32 (18) , the 38-kDa PstS homolog (9) , and an 88-kDa protein complex (29, 49) hold promise as tools for serodiagnosis.
To date, the most extensive characterization of the CFPs of M. tuberculosis is that by Nagai et al. (39) , in which 12 major proteins were purified, partially characterized, and mapped by two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). In addition, several other proteins, primarily those defined by monoclonal antibody (MAb) reactivity, have been located within culture filtrate preparations (17, 26) . Along with actively secreted proteins, the culture filtrate possesses somatic molecules that are released into the medium during replication or by autolysis (5, 39, 63) . As demonstrated by Andersen et al. (5) , the protein profile of the culture filtrate is highly dependent on the cultivation time. Furthermore, the medium used and factors such as temperature and shaking may also affect the profile of proteins in the culture filtrate (5, 34) . Thus, due to variations in the protocols used for preparation of CFPs, an absolute understanding of the protein composition of this fraction is difficult to obtain from the current literature. Thus, in this report, we combined 2-D PAGE, Western blot analysis, N-terminal amino acid sequencing, and liquid chromatography-mass spectrometry-mass spectrometry (LC-MS-MS) to develop a detailed map of CFPs and obtained partial amino acid sequences for six previously undefined, relatively abundant proteins within this fraction. In all, this work provides a detailed portrait of the protein profile of this immunologically important fraction and a spectrum of proteins to which those from clinical isolates of M. tuberculosis can be compared. The applicability of this approach to defining the major antigens recognized by circulating antibodies in tuberculosis patients is presented separately (49) . 2 ,000 in TBS. The membranes were washed three times with TBS and probed with goat anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibody. Color development for the proteins reacting to the specific anti-M. tuberculosis protein antibodies was performed with the substrates 4-(1,4,7,10-tetraoxadecyl)-1-naphthol and 1.8% H 2 O 2 . Secondary color development of the total protein population labeled with digoxigenin was performed with BCIP and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-tetrazolium chloride as the substrates.
Amino acid sequence analysis. To obtain the N-terminal amino acid sequence for selected proteins, CFPs (200 g) were resolved by 2-D PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Milford, Mass.) by electroblotting at 50 V for 1 h, with cyclohexylaminopropanesulfonic acid buffer with 10% methanol. The membrane was stained with 0.1% Coomassie brilliant blue in 10% acetic acid and destained with a solution of 50% methanol-10% acetic acid. Immobilized proteins were subjected to automated Edman degradation on a gas phase sequencer (22) equipped with a continuous-flow reactor (54) . The phenylthiohydantoin amino acid derivatives were identified by on-line reversedphase chromatography (54) .
LC-MS-MS analysis. Selected CFPs were subjected to LC-MS-MS to determine the sequence of internal peptide fragments. CFPs (200 g) were resolved by 2-D PAGE, and the gel was stained with 0.1% Coomassie brilliant blue and destained as described for proteins immobilized to polyvinylidene difluoride membranes. The protein of interest was excised from the gel, washed several times with distilled water to remove residual acetic acid, and subjected to an in-gel proteolytic digestion with trypsin (23) . Peptides were eluted from the (53) . Three additional MAbs (CS43, CS44, and CS45) specific for the 65-kDa GroEL were tested and yielded no reactivity with the CFPs. Additionally, the MAb IT-7 reacted with a 14-kDa CFP and not a 40-kDa CFP as previously reported (28) .
The lack of detectable amounts of the 65-kDa GroEL homolog, a marker for autolysis (5, 39) , in the 2-week culture filtrate preparations used for these studies was contradictory to the observations of Andersen et al. (5) . Growth curves generated for M. tuberculosis H37Rv demonstrated that the CFPs were harvested during the late log growth phase (Fig. 1) .
By using 2-D Western blot analysis coupled with secondary staining (either India ink or digoxigenin total protein/antigen double staining), 32 of the antibodies were mapped to proteins within the 2-D PAGE profile (Table 1 ; Fig. 2 ). However, two antibodies (IT-1 and IT-46), which were reactive by 1-D Western blot analysis, failed to detect any CFPs resolved by 2-D PAGE (Table 1 ; Fig. 2 ). This lack of reactivity by 2-D Western blot analysis presumably was due to the absence of linear epitopes exposed by the denaturing conditions used to resolve molecules for conventional Western blot analyses (59) .
Most 
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Polyclonal serum against MPT 32 recognized 45-and 42-kDa proteins with relatively similar pIs. Previously, while defining sites of glycosylation on MPT 32 (15), we observed that this protein was prone to autoproteolysis and formed a 42-kDa product (unreported results). Thus, the 42-kDa protein detected with the anti-MPT 32 serum is apparently a breakdown product of the 45-kDa MPT 32 glycoprotein.
MAb IT-49, specific for the antigen 85 (Ag85) complex (50), clearly identified the three gene products (Ag85A, Ag85B, and Ag85C) of this complex. Furthermore, the 2-D pattern observed for this complex was similar to that described by Nagai et al. (39) . The region of most intense antibody cross-reactivity was observed below 16 kDa. The most prominent protein in this region reacted with a MAb (IT-3) and polyclonal sera (anti-MPT 57) specific for the 14 kDa GroES homolog (37, 39) . Several adjacent proteins at approximately 14 kDa were also recognized by IT-3. Interestingly, various members of this protein cluster reacted with anti-MPT 46 polyclonal serum and the MAbs IT-4, IT-7, and IT-20.
N-terminal amino acid sequencing of selected CFPs. The N-terminal amino acid sequences or complete gene sequences and functions of several of the CFPs of M. tuberculosis, mapped with the available antibodies, are known (66) . However, such information is lacking for the proteins that reacted with IT-42, IT-43, IT-44, IT-45, IT-51, IT-53, IT-57, IT-59, IT-69, and F126-6, as well as several unidentified abundant proteins, as observed by silver staining. Of these, those reacting with IT-42/IT-57, IT-43, IT-58, and F126-2, as well as the proteins labeled A to K; were selected and subjected to Nterminal amino acid sequencing ( Fig. 2; Table 2 ). N-group analysis was also performed on the three low-molecular-weight proteins (labeled L to N) that cross-reacted with IT-3, IT-4, IT-7, IT-20, and anti-MPT 46 ( Fig. 2 ; Table 2 ).
Three of these proteins were found to correspond to previously defined products. The N-terminal amino acid sequence of the protein labeled D was identical to that of Ag85B and Ag85C. This result was unexpected, given that the IT-49 MAb failed to detect this protein, and N-terminal amino acid analysis confirmed that the proteins reacting with IT-49 were members of the Ag85 complex. A second protein, labeled E, yielded an N-terminal amino acid sequence identical to that of the glutamine synthetase recently characterized by Harth et al. (20) , and the protein labeled N was confirmed to be the 15-kDa thioredoxin (62) . However, five of the proteins subjected Previously, we demonstrated that a high-molecular-weight fraction of CFP of M. tuberculosis reacted with a preponderance of sera from tuberculosis patients (29) . Moreover, this fraction was distinguished from other protein fractions in that it possessed the product that reacted with MAb IT-57. In view of this information, the protein cluster defined by IT-42 and IT-57 was excised from a 2-D polyacrylamide gel and digested with trypsin and the resulting peptides were analyzed by LC-MS-MS. A digest of the portion of this protein cluster that reacted with both IT-42 and IT-57 ( Fig. 2 ) yielded 14 peptides with molecular masses and fragmentation patterns consistent with those predicted for trypsin-generated fragments of the M. tuberculosis KatG catalase/peroxidase (Table 2) . Tryptic digestion and LC-MS-MS analysis of the proteins that reacted only with MAb IT-57 ( Fig. 2) did not reveal homology to any known mycobacterial proteins. Therefore, it appears that the protein cluster defined by MAbs IT-42 and IT-57 is composed of the KatG and a novel unidentified protein.
Computer-aided analysis of the 2-D PAGE CFP profile of M. tuberculosis H37Rv. Computer-aided analysis of the 2-D polyacrylamide gel of M. tuberculosis H37Rv was performed to determine the total number of protein spots in this fraction and to develop a detailed numerical map. Three separate lots of CFPs of M. tuberculosis H37Rv were pooled and resolved by 2-D PAGE. The silver-stained gel was digitized, and the data were analyzed with the Microscan 1000 2-D gel analysis software. In all, 205 protein spots were detected for M. tuberculosis H37Rv (Fig. 3) . Individual proteins were numbered sequentially from acidic to basic pI and by descending molecular weight.
As described above, the mapping of specific CFPs with monoclonal antibodies clearly indicated that multiple isoforms of some CFPs are observed by 2-D PAGE. Thus, each protein spot depicted in Fig. 3 does not represent an individual gene product. Without the availability of MAbs for all of the CFPs or of N-group or LC-MS-MS analyses of each spot, it is not possible to determine the total number of gene products represented in the culture filtrate used for these studies. Nevertheless, of the 205 protein spots observed in Fig. 3, 31 ( (Table 3 ). Thus, an overall understanding of the molecular composition of CFPs is lacking. This is underscored by the fact that amino acid or complete gene sequences were previously known for only 18 of the proteins mapped. We have now expanded this number by providing sequence information for six previously undefined culture filtrate proteins. Many of the proteins submitted for N-group analysis were refractory to Edman degradation, and thus the continuation of this type of biochemical characterization on a broader spectrum of CFPs is not feasible. Nonetheless, completion of the M. tuberculosis genome sequencing project in the near future will provide information about additional excreted proteins and allow MS data of CFPs to be rapidly matched to specific genes.
Mapping of known proteins. In mapping of known proteins, it was noted that several of the antibodies recognized more than a single spot and that several of these appeared to be reacting to multiple isoforms of the same protein or recognizing more than a single gene product. While most of the antibodies yielded clean and definitive results, several different MAbs previously assigned to well-characterized proteins exhibited cross-reactivity with a cluster of four proteins in the 14-to 15-kDa range. The most dominant and acidic protein of this cluster (spot 38 in Fig. 3 and Table 3 ) reacted with MAb IT-3 and anti-MPT 57 polyclonal serum, both of which are specific for the 14-kDa GroEs homolog (37, 39) . Thus, we concluded that protein 38 is the 14-kDa GroES homolog. The IT-3 antibody also detected three adjacent protein spots (spots 45, 60, and 97); of these, proteins 45 and 60 were additionally recognized by MAbs IT-4 and IT-20, specific for the 16-kDa ␣-crystallin (10, 28, 33) . However, protein 97 reacted specifically with anti-MPT 46 polyclonal serum, indicating that it was the previously defined thioredoxin of M. tuberculosis (62) . N-group analysis of these three proteins confirmed that protein 97 was the thioredoxin and that proteins 45 and 60 were truncated forms of the ␣-crystallin homolog. Both of the last two proteins lacked the first 37 amino acids of the full-length product. The predicted size of M. tuberculosis ␣-crystallin minus the first 37 amino acids is 12,062 Da. Further proteolytic cleavage at the C terminus of one of these truncated molecules or some other form of posttranslational modification may account for the observed difference in the 2-D migration of proteins 45 and 60 .
N-group analysis and the Ag85 complex. To add further molecular definition to the CFPs of M. tuberculosis, a number of abundant products, as observed by 2-D PAGE, were subjected to N-group analysis. One of these, protein 103, which migrated between Ag85B (protein 81) and Ag85C (protein 119), yielded 16 amino acid residues (FSRPGLPVEYLQV PSP) identical to the amino terminus of mature Ag85A (8) and Ag85B (36) and differed from that of Ag85C (11) by a single amino acid residue at position 15. From this analysis, it ap-peared that protein 103 was an isomer of Ag85A or Ag85B. However, the increased molecular weight of this protein over that of Ag85B and its shift in pI in relation to Ag85A suggested that it may have resulted from posttranslational modifications. This is unlikely in light of a recent report by Harth et al. (21) , which indicated that members of the Ag85 complex lacked posttranslational modifications. Alternatively, the complete lack of reactivity of protein 103 with the Ag85 complex-specific MAb (IT-49) and the homology of its N-terminus suggested that this product may be a fourth member of the Ag85 complex. Others have reported additional protein bands associated with the Ag85 complex by isoelectric focusing (11), but direct evidence to support the existence of a fourth member of this complex is lacking. Further sequencing of internal fragments will ultimately determine the true origin of protein 103. a Reference numbers correspond to those in Fig. 3 . b Molecular masses were calculated from a standard curve generated by using the molecular masses of the protein standards (Pharmacia) and their relative mobilities within the gel.
c The isoelectric point for each protein was determined from a standard curve generated with the reported isoelectric points for MPT 32 (4. ␣-hydroxysteroid dehydrogenase of Eubacterium sp. strain VPI 12708 (12) . Three additional proteins (proteins 74, 80, and 82) for which N-terminal sequencing was obtained showed no significant homology to known peptides. For these proteins and those that were refractory to N-group analysis, more advanced methods of protein sequencing such as LC-MS-MS will circumvent the problems associated with N-blocked proteins and provide extended sequence data (57) . LC-MS-MS analysis of the seroreactive 83-to 85-kDa protein cluster. The identity of the protein cluster (proteins 101, 113, and 124) which was recognized by MAbs IT-42 and IT-57 was a primary objective of this study. These proteins migrated in a molecular mass range of 82 to 85 kDa and a pI range of 5.12 to 5.19. Previous work conducted in collaboration with Suman Laal identified a culture filtrate product of approximately 88 kDa that reacted with 70% of the sera from tuberculosis patients and demonstrated a specificity of 100% (29) . Subsequent analyses with the 2-D maps generated in this study coupled with 2-D Western blot analysis indicated that these dominant humoral antigens were the same as those that reacted with IT-57 and IT-42 (49) . Repeated attempts to obtain N-terminal sequences for the proteins of this complex were unsuccessful. However, the use of LC-MS-MS demonstrated that protein 124 was the KatG catalase/peroxidase (13, 67) . This protein was previously designated MPT 35 by Nagai et al. (39) . A similar analysis of proteins 101 and 103 of this cluster was inconclusive. However, the apparent reactivity of these two proteins with only MAb IT-57 and not IT-42 suggests that they may be novel products that share an epitope with KatG.
Growth phase and composition of M. tuberculosis culture filtrate. Several studies have noted that the incubation time of M. tuberculosis cultures has a dramatic effect on the profile of proteins released into the culture supernatant by the tubercle bacilli (5, 39) . In particular, the work of Andersen et al. (5) demonstrates that a small, well-defined set of proteins is actively excreted during the first 3 days of incubation and that a gradual secretion of cell wall proteins occurs during the logarithmic growth phase. Furthermore, the release of cytoplasmic proteins, as monitored by the presence of isocitrate dehydrogenase and the 65-kDa GroEL homolog, is not observed until the end of the logarithmic growth phase. The present study was done with culture filtrate preparations harvested during the late logarithmic growth phase of M. tuberculosis. However, Western blot analysis of these preparations with MAbs IT-56, CS43, CS44, and CS45 as probes demonstrated the absence of the GroEL homolog. Other M. tuberculosis proteins such as the 34-kDa protein, reacting with MAb F126-2, and the 70-kDa DnaK homolog have also been associated with the release of somatic proteins (63) , and both of these products were observed in significant quantities in our culture filtrate preparations. Wiker et al. (63) also observed "barely detectable" levels of the 65-kDa GroEL homolog in their late-logarithmic-phase culture filtrate. Therefore, we conclude that the late-logarithmic-phase harvest of M. tuberculosis culture filtrate, as performed in the present study, resulted in a fraction containing a limited number of cytoplasmic constituents, as well as actively excreted and cell wall proteins released during logarithmic growth. The lack of detectable amounts of the 65-kDa GroEL homolog may be explained by differences in the culture media used, namely, the lack of Tween 80 in the GAS medium. It should also be noted that we observed late-logarithmic-phase growth from days 10 to 14 whereas this growth phase was achieved by day 6 in the study by Andersen et al. (5) .
The generation of a 2-D protein map of the culture filtrate of M. tuberculosis H37Rv now provides a baseline for the evaluation of the culture filtrates of other type strains and well-defined clinical isolates (42) . Such an analysis is warranted, given the recent observations that several M. tuberculosis isolates lack the gene encoding MPT 40 (61) , and the loss of KatG activity in many isoniazid-resistant strains of M. tuberculosis is associated with the concurrent overexpression of AhpC (52) . This type of broad survey of virulent M. tuberculosis strains may lead to the identification of novel virulence factors or immunologically relevant proteins and add to our understanding of the physiology of M. tuberculosis as a whole. Furthermore, the continued molecular characterization of the proteins which constitute the various subcellular fractions of M. tuberculosis by 2-D PAGE coupled with powerful techniques such as LC-MS-MS will supplement the wealth of information that is now being derived from the M. tuberculosis genome-sequencing project.
